Semiconductor-graphene composites have been widely reported as photocatalysts for hydrogen generation. The structure of the semiconductor, intimate interfacial contact between the components, and high electrical conductivity of the catalyst support can affect the performance of semiconductorgraphene composite photocatalysts. We successfully synthesized size-controlled ZnGa 2 O 4 nanospheres by adjusting the amount of surfactant trisodium citrate, and assembled size-controlled ZnGa 2 O 4 nanospheres on the two-dimensional platform of an N-doped reduced graphene oxide (N-rGO) sheet through the conventional and efficient hydrothermal method, during which the intimate interfacial contact between ZnGa 2 O 4 nanospheres and the N-rGO sheet are achieved. The obtained photocatalysts were characterized by X-ray powder diffraction, Raman spectroscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, and ultraviolet visible diffuse reflectance spectroscopy. The photocatalytic activity of the prepared samples for H 2 evolution was tested using sodium sulfite as the sacrificial agent. The effects of the crystallinity, morphology, and specific surface area of the ZnGa 2 O 4 samples on the rate of photocatalytic hydrogen production were studied. Considering the above three factors, the rate of H 2 production was highest when the diameter of the ZnGa 2 O 4 spheres reached 230 nm. The rate of H 2 evolution of the ZnGa 2 O 4 /rGO and ZnGa 2 O 4 /N-rGO composites dramatically improved when compared with that of pure ZnGa 2 O 4 . ZnGa 2 O 4 /N-rGO had higher photocatalytic activity than ZnGa 2 O 4 /rGO because the nitrogen atoms in N-rGO could anchor the metal nanoparticles to form an intimate interfacial contact between N-rGO and ZnGa 2 O 4 , and N-rGO had higher electrical conductivity than rGO, resulting in more effective charge separation and transfer in the ZnGa 2 O 4 /N-rGO composites. This study offers a promising method to design more efficient graphene-based nanocomposite photocatalysts for enhancing photocatalytic activity.
Introduction
Hydrogen has attracted increased attention in recent years as a renewable and clean energy carrier. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] One of the best ways to produce hydrogen is photocatalytic water splitting under light irradiation, which offers a viable strategy to solve the energy crisis and environmental problems resulting from the burning of fossil fuels.
11 So far, much effort has been dedicated to the development of photocatalysts, and numerous active photocatalysts such as various oxide, sulde, and oxynitride semiconductors have been reported. [12] [13] [14] [15] [16] [17] Among them, metal oxides and their composites that contain metal cations with d 0 and d 10 electronic congurations at the highest oxidation states are regarded as good photocatalysts for water splitting. 18, 19 Zinc gallate (ZnGa 2 O 4 ), a ternary metal-oxide-based spinel, has been widely used as a catalyst in air-pollution control, 20 wastewater treatment, 21 and water splitting. [22] [23] [24] However, the fast recombination of photogenerated charge carriers remains a major problem. Modulating the structure of the semiconductor, such as its crystallinity and morphology, and constructing semiconductor-matrix systems have proved to be efficient ways to retard the recombination of photogenerated electron-hole pairs.
25-33
Graphene, a two-dimensional (2D) sheet of sp 2 -hybridized carbon atoms, has been considered as an excellent catalyst support and electron-transport matrix because of its high surface area, electrical conductivity, and mobility of charge carriers. [34] [35] [36] [37] [38] [39] [40] So far, various semiconductor-graphene composite photocatalysts for hydrogen generation have been reported. necessary for the development of graphene-based composites for various applications. 45 However, reduced graphene oxide (rGO) does not exhibit high electronic conductivity because of damages to the sp 2 -hybridized network. Generally speaking, heteroatom doping can dramatically alter the electrical properties of graphene, 46, 47 and both theoretical and experiment studies have revealed that N doping can effectively modulate the chemical reactivity and electronic properties of graphene. 48, 49 Since N doping can increase the electronic conductivity because nitrogen has stronger electronegativity than carbon and because of the conjugation between the graphene p-system and the nitrogen lone-pair electrons, 50 N-doped graphene has been used in lithium-ion batteries, 51 biosensors or chemical sensors, 52 and catalytic reactions including oxygen reduction 53 and degradation of organic contaminants.
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In this study, we successfully synthesized size-controlled ZnGa 2 O 4 nanospheres composed of ZnGa 2 O 4 particles by adjusting the amount of surfactant trisodium citrate. We assembled the size-controlled ZnGa 2 O 4 nanospheres on the 2D platforms of N-doped reduced graphene oxide (N-rGO) sheets and rGO sheets through the conventional and efficient hydrothermal method. We then investigated the effects of the crystallinity and morphology of the semiconductor and the electrical conductivity of the catalyst support on the photocatalytic activity for hydrogen evolution. In addition, a possible photocatalytic mechanism of ZnGa 2 O 4 /N-rGO was explored.
Experimental

Preparation
The starting materials were Ga(NO 3 ) 3 $xH 2 O (99.9%, Alfa Aesar Chemical Reagent Co., Ltd., China), graphene oxide powder (XFNANO Materials Tech. Co., China), and other reagents (Shanghai Sinopharm Chemical Reagent Co., Ltd., China). All chemicals were analytical grade and used without further purication. 
Synthesis of ZnGa 2 O 4 nanospheres
Synthesis of N doped graphene oxide
Nitrogen-doped graphene oxide (NGO) was synthesized by a moderate reuxing process in an ammonia solution. 55 The ammonia solution (25.0 wt%, 0.3 mL) was mixed with an aqueous GO solution (0.2 wt%, 20.0 mL) by magnetic stirring at 80 C for 8 h to obtain partly reduced NGO. Characterization X-ray powder diffraction (XRD) measurements were performed on an X-ray diffractometer (D8 Advance, Bruker, Germany) with Cu K a radiation (l ¼ 1.54178Å). Scanning electron microscopy (SEM) was carried out with a eld-emission scanning electron microscopy (FESEM; S-4800, Hitachi, Japan) at an accelerating voltage of 5 kV. The transmission electron microscope (TEM) images and high-resolution transmission electron microscope (HRTEM) images were obtained with an electron microscope (JEM 2100. JEOL, Japan) operating at an accelerating voltage of 200 kV. Raman spectroscopy was performed at room temperature by a Raman spectrometer (Nicolet 67000/NXR, ThermoFisher, USA) with a 532 nm Nd:YAG excitation source. X-ray photoelectron spectroscopy (XPS) measurements and valenceband X-ray photoelectron spectroscopy (VB XPS) measurements were performed on an X-ray photoelectron spectrometer (ESCALAB 250, ThermoFisher, USA) equipped with an Al K a source. Photoluminescence (PL) spectra were obtained with a uorescence spectrophotometer (F-4500, Hitachi HighTechnologies, Japan) at the emission wavelength of 310 nm. Ultraviolet-visible (UV-vis) diffuse-reectance spectra (DRS) were recorded on a UV-vis spectrophotometer (UV-2550, Shimadzu, Japan), with BaSO 4 used as the reference sample. The Brunauer-Emmett-Teller (BET) surface area of each sample was obtained on a surface area analyzer (ASAP 2020, Micromeritics, USA) at the liquid-nitrogen temperature. Fourier transform infrared (FT-IR) spectra were obtained with an infrared spectrometer (NEXUS 670, Thermo Nicolet, USA).
Photoelectrochemical characteristics
The photoelectrochemical characteristics of the samples were measured with an electrochemistry potentiostat (CHI 660D, Shanghai Chenhua Limited, China) using a homemade threeelectrode cell with Ag/AgCl as the reference electrode and a Pt wire as the counter electrode. An aqueous Na 2 SO 4 (0.5 M) solution was used as the electrolyte under UV light irradiation from a 300 W xenon lamp (PLS-SXE300CUV, Beijing Perfect Light Co., Ltd., China). For the fabrication of the photoanode, 10 mg of each sample was added to a certain amount of dimethyl formamide (DMF) and ground for 15 min to obtain slurry. The slurry was then spread on a 15 mm Â 20 mm indium-tin oxide (ITO) conducting glass and then dried under ambient conditions.
Photocatalytic activity evaluation
Hydrogen production reactions were carried out at 5 C in a closed-circulation gas system. First, 0.05 g of sample was dispersed in 100 mL of an aqueous 0.05 M Na 2 SO 3 solution as the sacricial reagent in a borosilicate glass reactor equipped with a quartz lid for light penetration. A suitable amount of H 2 PtCl 6 (Pt content: 1 wt%) was then added to the solution as the co-catalyst. The photoreactor containing the cocatalyst, sacricial reagent, and photocatalyst was then sonicated for several minutes to allow the suspension to mix uniformly. Before illumination, nitrogen gas was purged through the suspension for 0.5 h. A 300 W xenon lamp (l $ 250 nm, PLS-SXE300CUV, Beijing Perfect Light Co., Ltd., China) was used as UV light source (15 cm far away from the photocatalytic reactor). The focused intensity on the ask was detected to be 89.68 mW cm À2 by UV radiometer (UV-A 141108). The amount of hydrogen produced was analyzed by a gas chromatograph (GC-7806 TCD) using 5Å molecular sieve columns and N 2 as the carrier gas. The apparent quantum efficiency (QE) was measured under the similar photocatalytic reaction conditions using four low power UV-LEDs (3 W, 365 nm, Shenzhen LAMPLIC Science Co. Ltd. China) and an UV radiometer (UV-A 141108). The four low power UV-LEDs were used as light sources (1 cm away from the reactor in four different directions). The focused intensity and areas on the ask for each UV-LED was detected to be 75.61 mW cm À2 and 1 cm, 2 respectively. According to eqn (1), 43 the QE was measured and calculated:
Results and discussion The phase crystallinity and purity of the precursor and asprepared samples were determined by analyzing the XRD measurements. Fig. 1a when compared with of the peaks of pure ZnGa 2 O 4 ( Fig. 1c) , indicating that there were no changes in the lattice structure of ZnGa 2 O 4 in the ZGO/rGO and ZGO/N-rGO composites. 58 This result suggests that rGO and N-rGO were not inserted in the lattice of ZnGa 2 O 4 , which means that ZnGa 2 O 4 was deposited on the surface of rGO and N-rGO. The absence of the rGO and NrGO diffraction peaks in the patterns of the ZGO/rGO and ZGO/N-rGO composites can be ascribed to the low content (2%) of rGO and N-rGO.
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The morphology of the as-prepared ZnGa 2 O 4 samples (ZnGa 2 O 4 -x) prepared with different amounts of trisodium citrate (x in grams) was investigated with TEM and SEM, and the results are shown in Fig. 2 and S1, † respectively. It can be seen that with the increase in the amount of trisodium citrate amount, the diameter of ZnGa 2 O 4 spheres increased. The morphology of the ZnGa 2 O 4 samples was characterized by irregular particles when the amount of trisodium citrate used was below 0.25 g (Fig. 2a-d) . Further increase in the amount of trisodium citrate used (0.30 g) led to the assembling of ZnGa 2 O 4 particles into nanospheres with diameters of about 80 nm ( Fig. 2e and f) . The diameter of the ZnGa 2 O 4 nanospheres was about 230 and 260 nm when the amount of trisodium citrate used was 0.35 g (Fig. 2g and h ) and 0.40 g (Fig. 2i and j Fig. 3 and S2 . † Fig. 3 (Fig. 3a) , which was an adverse effect on charge separation and charge transfer. Fig. 3c and e show ZnGa 2 O 4 uniformly dispersed on the N-rGO sheet when the ZnGa 2 O 4 particles assembled to form nanospheres, which could promote charge separation and thus enhance the catalytic activity. These results indicate that we successfully assembled ZnGa 2 O 4 on the 2D platform of the N-rGO sheet. signicantly diminished, implying that GO was mildly reduced. Owing to the overlapping C]N (1572 cm À1 ) and C]C peaks and the relatively low ratio of N to C atoms, it was difficult to identify the C]N signal by FT-IR. 60 In the FT-IR spectra of ZGO/ rGO and ZGO/N-rGO composites, the peaks of C]O stretching at 1726 cm À1 and alkoxy C-O stretching at 1052 cm À1 are absent, indicating that there was reduced graphene oxide (rGO) in the ZGO/rGO and ZGO/N-rGO composites. These results were further conrmed by Raman and XPS observations. In order to conrm that there was reduced graphene oxide in the ZGO/rGO and ZGO/N-rGO composites, Raman spectra of GO, ZGO/rGO, ZGO/N-rGO, and NGO were obtained. It can be seen in Fig. 5 that all samples exhibited two typical peaks (D band and G band). In Raman spectroscopy, the D band is related to structural disorder and defects in graphene, and the G band is due to stretching of sp 2 -hybridized C]C. [61] [62] [63] Both bands can be modied by doping, with the D and G bands shiing toward lower frequencies upon N-doping, 50 which has also been observed in N-doped graphene oxide derived from a moderate reuxing treatment in an ammonia solution of 43, 66 and indicating the reduction of the exfoliated GO. 67 In addition, the values of I D / I G of NGO and ZGO/N-rGO were higher than those of GO and ZGO/rGO, thereby implying that nitrogen was successfully introduced into GO. 68 This result was further conrmed by XPS analysis.
XPS was conducted to characterize the chemical composition and surface chemical states of the as-prepared samples. As shown in Fig. 6 , the C 1s XPS peaks of GO centered at 284.5, 286.7 and 288.5 eV are assigned to the C-C bond, C-O/C]O bond (epoxy, hydroxyl, and carbonyl) and O-C]O bond (carboxyl), respectively, 69,70 which clearly indicate a high degree of oxidation. In the C 1s XPS spectrum of ZGO/rGO, the intensity of the peak for the O-C]O bond is much lower than that in the spectrum of GO, and the peak for the C-O/C]O bond is almost absent. Compared with the spectrum of NGO, the peak of the C-O/C]O bond is also almost absent in the C 1s XPS spectrum of ZGO/N-rGO, which indicates that the hydrothermal synthesis signicantly removed most oxygen-containing functional groups, thereby converting GO and NGO to rGO and N-rGO. In addition, the appearance of a peak at 286.20 eV in the respective C 1s XPS spectra of NGO and ZGO/N-rGO can be attributed to the C-N bond, 71 which indicates that nitrogen was successfully introduced into GO. Fig. 7a shows that the XPS spectrum of the as-prepared NGO has a N peak ($400.0 eV), 55 whereas this peak does not appear in the XPS spectrum of GO (Fig. 7b) , providing convincing evidence that nitrogen was successfully introduced into GO. The N 1s spectrum of NGO (Fig. 7c) comprises peaks corresponding to pyridine (398.45 eV) and pyrrole (400.68 eV).
55 Fig. 7d shows typical XPS survey spectra of ZnGa 2 O 4 , ZnGa 2 O 4 /N-rGO, and ZnGa 2 O 4 /rGO composites. The high-resolution spectra of the Zn 2p, Ga 3d, O 1s, and N 1s states of ZGO, ZGO/rGO, and ZGO/N-rGO are shown in Fig. 7e-h ( Fig. 7f and h ). 72 The O 1s spectrum of pure ZnGa 2 O 4 consists of two components: the peak with lower bind energy at 530.7 eV is ascribed to the lattice oxygen; the peak with higher bind energy at 532.6 eV is ascribed to the chemisorbed H 2 O 
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molecules or OH À groups on the surface (Fig. 7g) . 73 For the ZnGa 2 O 4 /rGO and ZnGa 2 O 4 /N-rGO composites, the peak corresponding to the Zn 2p state is blue shied by 0.2 and 0.9 eV, respectively, while the Ga 3d peak is blue shied by 0.05 and 0.2 eV, respectively, compared with the peak in the spectrum of pure ZnGa 2 The optical properties and band structures of the asprepared samples were measured by UV-vis diffuse-reectance spectroscopy and valence-band X-ray photoelectron spectroscopy (VB XPS). As shown in Fig. S4, † Fig. 8a and b) . However, when compared with the spectrum of pure ZnGa 2 O 4 , a wide absorption feature in the visible-light region appears in the spectra of the ZnGa 2 O 4 /rGO and ZnGa 2 O 4 /N-rGO composites. This can be attributed to the presence of carbon in the ZnGa 2 O 4 /rGO and ZnGa 2 O 4 /N-rGO composites, which reduced the reection of light. 75 As shown in Fig. 8c, The photocatalytic activities of the samples for H 2 production were evaluated under irradiation by a 300 W xenon lamp and using sodium sulte as a sacricial agent. Fig. 9A surface area was examined (Fig. S5 †) . It can be seen that the BET surface area was not the cause of the dramatic improvement in the rate of H 2 evolution of the ZnGa 2 O 4 /rGO and ZnGa 2 O 4 /NrGO composites when compared with that of ZnGa 2 O 4 . Thus, it can be concluded that because N-rGO possessed better electrical conductivity than rGO, it improved charge-carrier separation and transfer, resulting in the enhanced photocatalytic activities for H 2 production. Unlike pure ZnGa 2 O 4 , the ZnGa 2 O 4 / rGO and ZnGa 2 O 4 /N-rGO composites showed the highest photocatalytic activity for H 2 production when the diameter of ZnGa 2 O 4 spheres reached 80 nm, which was due to the intimate interfacial contact between the ZnGa 2 O 4 spheres with suitable size and rGO or N-rGO. The results showed that using rGO or NrGO as a catalyst support led to much higher ability for H 2 evolution. Moreover, a suitable size of ZnGa 2 O 4 spheres was crucial to the optimization of interfacial contact and photocatalytic activity.
The stability of the composites is an important factor in their practical application as photocatalysts. To assess their suitability for practical use, we measured the photostability of the ZnGa 2 O 4 -0.30/N-rGO composites, and the result is shown in Fig. 10 . The photocatalytic activity did not signicantly diminish aer six cycles of photocatalytic water splitting, which indicates that the composite exhibited excellent stability in photocatalytic H 2 generation from water splitting. To investigate the charge-carrier separation and transfer in the samples, the photocurrent transient response (PCTR) and electrochemical impedance spectra (EIS) were measured. In the EIS, the semicircles in the Nyquist plots can be simulated well by an electrical equivalent circuits model. A smaller semicircle radius, corresponding to a lower charge-carrier transfer resistance value (R ct ), suggests a higher charge-carrier separation and transfer rate. Table S3 † show R ct value, which are calculated based on electrical equivalent circuits model. Fig. 11a This is because that rGO possessed high surface area and superior electrical conductivity, and N-rGO had better electrical conductivity than rGO. It is benecial for the separation and transfer of photoinduced charge carriers. In general, the PL spectrum is used to investigate the separation efficiency of photogenerated charge carriers in a photocatalyst. Fig. 12 shows PL spectra of as-prepared ZnGa 2 O 4 samples with different size and ZnGa 2 O 4 /rGO and ZnGa 2 O 4 /NrGO composites, obtained with an excitation wavelength of 310 nm. The spectra show a strong emission band in the 375-500 nm range, with the peak position at 421 nm, and it originated from the self-activation center of the octahedral Ga-O.
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The weak band at 338 nm can be ascribed to absorption by ZnGa 2 O 4 .
57 As shown in the same position, indicating that high crystallinity was benecial to suppressing the recombination of photogenerated electron-hole pairs. In the PL spectrum of ZnGa 2 O 4 /N-rGO, a weaker emission peak appears at the same position, indicating that the addition of N-rGO signicantly suppressed the recombination of photogenerated electron-hole pairs. The PL results further conrmed that N-rGO possessed higher electrical conductivity than rGO and was benecial for the separation and transfer of photoinduced charge carriers.
Based on the above results and discussion, we propose the mechanism for the photocatalytic reaction over ZnGa 2 O 4 /N-rGO composites as shown in Fig. 13 . ZnGa 2 O 4 can excite the electrons and produce photogenerated electron-hole pairs under ultraviolet light irradiation. Then the excited electrons on the conduction band (À1.04 V vs. NHE) of ZnGa 2 O 4 could be easily transferred to the N-rGO sheets due to the lower Fermi level (À0.08 V vs. NHE) 54 of N-rGO compared to ZnGa 2 O 4 , which could inhibit electron-hole pairs recombination, leading to the enhanced photocatalytic activity. As a result, the photogenerated electrons gathered on the N-rGO sheets could effectively reduce H + to produce H 2 whereas the photogenerated holes could be sacriced by oxidizing sulte ions to sulfuric ions (Fig. 13) nanospheres with suitable size (80 nm) and N-rGO. N-rGO acted as a catalyst support and electron sink for promoting charge separation and transfer. 
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